To develop accurate models for the numerical simulation of coal combustion field, detailed experimental data using laser techniques, which can figure out the basic phenomena in a coal flame, are necessary. In particular, soot is one of the important intermediate substances in a coal flame. This paper is the first paper in the world reporting soot particle size distributions in a coal flame. The spatial distribution of the primary soot particle diameter were measured by the combination of the time-resolved laser induced incandescence (TiRe-LII) method and the thermophoretic sampling (TS) method. The primary soot particle diameter distribution was expressed by the log normal function based on the particle diameter measurement using SEM images obtained from the TS samples. The relative function between the signal decay ratio obtained by TiRe-LII and the primary soot particle diameter was defined based on the log normal function. Using the relative function, the spatial distributions of the primary soot particle diameter with the soot volume fraction were obtained. The results show that the small isolated soot regions instantaneously exist in the entire combustion field. This characteristics is different from spray combustion field. From the ensemble-averaged TiRe-LII images, it was found that the soot volume fraction and the primary soot particle diameter increases with increasing the height above the burner in any radial distance. It was also found that the volumetric ratio of small particles decreases with increasing radial distance at the region close to the burner exit. However, the variation of the soot particle diameter distribution along the radial direction becomes small in the downstream region. This tendency is caused by the turbulent mixing effect. It is expected that the accurate soot formation model will be developed in the near future by using the data reported in this paper.
Introduction
Coal is a very important energy resource for electricity production because of its large reserves compared to petroleum and natural gas. In most coal-fired thermal plants, the coal is utilized using the pulverized coal combustion technology. Even though the basic pulverized coal combustion technology was established many decades ago, there are still many types of problems in the operation of pulverized-coal-fired furnaces, e.g., fouling, slagging and sulfidation corrosion. To avoid these problems, the numerical simulation technology have been developed to predict the combustion characteristics in coal-fired boilers (e.g., Kurose et al., 2004 , Hashimoto et al., 2007 , Aydin and Durak, 2012 . Some new models or methods for coal combustion field, e.g., the new devolatilization model (Hashimoto et al., 2012a , 2012b , Hashimoto et al., 2014 , the new char combustion model (Umetsu et al., 2014) , the skeletal mechanism for the volatile matter combustion (Ahn et al., 2016) , the transported PDF model (Zhao et al., 2014) , the velocity-scalar joint filtered density function model (Wen et al., 2015) , the new heterogeneous combustion model (Vascellari et al., 2014) , the large eddy simulation of coal combustion field (Rabacal et al., 2015 , Olenik et al., 2015 , have been developed recently. To model the various phenomena in the combustion field for developing the accurate simulation technology, the understandings of coal combustion phenomena are necessary. For this purpose, experimental researches employing the laser techniques have been conducted by some researchers (Hwang et al., 2005 , Hayashi et al., 2013 . However, there are still various phenomena that are not clarified yet due to the complexity of pulverized coal combustion phenomenon. For instance, the combustion reactions of volatile matter are complex and the detailed intermediate substances have been not clarified yet. One of important intermediate substances is soot particle. However, the mechanism of soot particles formation in the coal combustion field has not been clarified in detail. Recently, our research group applied the laser induced incandescence (LII) technique to the coal combustion field and clarified the location of soot formation region in the small coal jet burner (Hayashi et al., 2013) . For the development of the accurate soot formation model in the coal combustion field, however, more detailed information of the soot particles is required. In particular, the soot particle size distribution in a coal flame is important to understand the soot particle growing process in the flame. The soot particle size distribution data in a gaseous fuel combustion field (Sun et al., 2015) and a spray combustion field (Oh et al., 2006) have been obtained employing the time-resolved laser induced incandescence (TiRe-LII). However, the soot particle size distribution in a solid fuel combustion field has not yet been measured.
In this study, the detailed primary soot particle size distributions in a 4 kW small coal jet burner in the Central Research Institute of Electric Power Industry (Hwang et al., 2005) were investigated by employing TiRe-LII method and the thermophoretic sampling (TS). The burner is known as one of the target flames for coal combustion researchers in the world. Various numerical simulation techniques have been applied for this burner (Hashimoto et al., 2012b , Zhao et al., 2014 , Vascellari et al., 2014 , Stein et al., 2013 , Cai et al., 2015 , Hara et al., 2015 . From the previous studies, the distributions of OH radical (by OH-PLIF) and the velocity and size of coal particles (by SDPA) (Hwang et al., 2005) and the distribution of soot volume fraction (by LII) (Hayashi et al., 2013) of the burner have been reported. This paper is the first paper in the world reporting a soot particle size distribution in a coal flame. The spatial Fig. 1 Schematic illustration of time-resolved laser incandescence (TiRe-LII) measurement system distribution of the primary soot particle diameter were measured by using the relative function between the signal decay ratio from TiRe-LII and the primary soot particle diameter distributions from the particle SEM images collected by TS. The experimental data obtained by this study is very useful for the development of the accurate soot formation model in the coal combustion field. The soot formation process is roughly divided into (a) Formation of molecular precursors of soot, (b) Nucleation or inception of particles from heavy PAH molecules, (c) Mass growth of particles by addition of gas phase molecules, (d) Coagulation via reactive particle-particle collisions, (e) Carbonization of particulate material, (f) Oxidation (Richter et al., 2000) . By using the primary soot particle size distribution data obtained by this study, the balance of reaction rates for process (c), (d) and (f) in soot formation models for coal combustion fields can be checked in detail.
Experimental
In this study, TiRe-LII and TS were applied to a combustion field of a 4 kW small coal jet burner (Hwang et al., 2005) in the Central Research Institute of Electric Power Industry. Figure 1 shows the schematic illustration of the timeresolved laser induced incandescence measurement system.
The second harmonic wave length of Nd:YAG laser (532 nm) was used as a light source. The laser sheets was formed by using four cylindrical lenses with focal lengths of f = 2000 mm, 25 mm, -300 mm and 700 mm. The laser sheet fluence was controlled by the polarization beam splitter and the half-wavelength plate with maximum power output of the laser to keep the same laser sheet profile regardless of the laser fluence. Two high speed CMOS cameras (Phantom V12, Vision Research Co. Ltd.) with image intensifier (C9016-23MOD) and bandpass filter (center wavelength = 400 nm, half bandwidth = 60 nm) were used to detect the incandescence signal from soot particles. The maximum transmission level of the bandpass filter was 70%. To eliminate the light emission from the flame, the gate period was set to 20 ns for both cameras. In addition to that, the open time of the gate for the 1 st camera was delayed by 100 ns from the beginning of the laser pulse to eliminate the fluorescence signals of PAHs induced by the laser light. The delay period between the 1 st camera and 2 nd camera was set to 450 ns to obtain the incandescence signal decay information. As discussed in the previous research (Hayashi et al., 2013) , the laser power profile largely affects the LII signal intensity. Therefore, only homogeneous part of the laser sheet was used to evaluate the LII signal in the same as the previous research (Hayashi et al., 2013) . In addition to that, the laser fluence was adjusted to appropriate value (0.1 J/cm 2 ), which is sufficiently high to heat up all the soot particles to the sublimation temperature but also sufficiently low to avoid the incandescence of coal particles. If the laser fluence is much higher than 0.1 J/cm 2 , the LII signal will be emitted from not only soot particles but also from coal particles (Hayashi et al., 2013) . By adjusting the laser fluence to 0.1 J/cm 2 , only the LII signal from soot particles were obtained. Figure 2 shows the schematic of the thermophoretic sampling system. A transmission electron microscope (TEM) grid was inserted in the flame of the jet burner for 160 ms by using the insertion system equipped with the air cylinder. The insertion period of 160 ms was measured from the movie taken by a high speed camera. Soot particles were adhered on the surface of the TEM grid by thermophoretic effect with the temperature difference of a hot combustion gas and a cold TEM grid. The deepest position of each insertion was set at the central axis of the burner. Therefore, the grid reached the central axis after passing through the cylindrical shape flame and passed the flame again when the grid was moved to the original position outside the flame. Consequently, the soot particles all over the radial position were corrected by passing through the flame twice. The soot particle samples were observed in detail by using a scanning electron microscope (SEM). Table 1 and 2 show the properties of coal used in this experiment and the experimental condition. Used coal and the experimental condition are the same as the previous research (Hwang et al., 2005 , Hayashi et al., 2013 . Figure 3 shows the Rosin-Rammler distribution of coal particles. The mass median diameter is about 40 m. The structure of the burner is shown in the right-hand side of Fig. 4 . Pulverized coal particles were supplied with air from the main burner port with an inner diameter of 6 mm. Methane was supplied from an annular slit with a width of 0.5 mm to maintain a coal flame. The more detailed information about the burner and combustion experiment is available in the paper by Hwang et al. (2005) . Figure 4 shows the direct flame photo and the soot volume fraction distribution obtained by LII signal. The measurement method of the soot volume fraction was the same as the previous research (Hayashi et al., 2013) , although the camera and the image intensifier were different. The soot volume fraction was obtained by the ensemble average of 500 shots of LII signal. It is found that the region with high soot volume fraction is observed at the outer region of the luminous flame and this trend is consistent with the previous research. It is also found that the soot volume fraction is increased with the height above the burner, h. This tendency is consistent with that from SEM images as described in the next section. Figure 5 shows the typical SEM images of soot particles collected by TS and the cumulative frequency and the probability density functions for primary soot particle diameter based on particle volume. It is observed from Fig. 5 (a-1) , (b-1) and (c-1) that the number density of the particles on the sample grid is increased with increasing h. This tendency indicates that the number density of the soot particles in the flame increases with h (Note that the insertion period of the thermophoretic grid is same for all h). This is consistent with the measured soot volume fraction by LII as indicated in Fig. 4 . The diameters of over 1000 primary soot particles in 25 SEM images, which were randomly taken from the grid sample, were measured for each height above the burner, h. The solid circles in Fig. 5 (a-2) , (b-2) and (c-2) are the cumulative plots of the measured primary soot particle diameters. The solid lines are approximated cumulative curves of primary soot particle diameter employing the log normal function expressed by the following equation. where, D p and D p,m are the primary soot particle diameter and its median diameter based on the particle volume, respectively. The parameter  and D p,m were determined by the least squares method to fit the curves to the measured diameter distributions. The dotted lines indicate the probability curves converted from the solid lines expressed by the Fig. 5 Typical SEM images of soot particles and cumulative frequency and probability density functions for primary soot particle diameter following equation.
Primary soot particle diameter distributions obtained by TS
It is observed that the diameter distribution of primary soot particles shifts to larger side with increasing h. This tendency indicates the growth of the primary soot particles as the particles move to the downstream region. The growth of the primary soot particles is proceeded by the surface growth by addition of gas phase molecules and coagulation of soot particles. The soot particles can be oxidized by gaseous species such as OH, O and O 2 . From the fact that the primary soot particle size increases with h, it is obvious that the growth rate of the primary soot particles is larger than the oxidation rate of soot particles. It is also found that the distribution of the primary soot particle diameter grows wider with increasing h, i.e., the peak value of the probability density decreases with increasing h. In this study, the spatial distribution of the primary soot particle diameter in the flame was analyzed by the combination of the diameter distribution data in Fig. 5 and the TiRe-LII signal data as presented in the next section.
Spatial primary soot particle diameter distributions obtained by TiRe-LII
The relative function between the signal decay ratio obtained by the TiRe-LII and the primary soot particle diameter was defined by the following equation so that the primary soot particle cumulative function obtained from the TiRe-LII signals is consistent with that obtained from the thermophoretic sampling (Eq. (1)).
where S is the signal decay ratio between the 1 st and 2 nd cameras during the TiRe-LII measurement, k 1 , k 2 and k 3 are fitting parameters. The values of k 1 , k 2 and k 3 are listed in Table 3 . Figure 6 shows the comparison of the cumulative frequency curves of primary soot particle diameter obtained from SEM images and obtained from LII signal decay ratio S with the Eq. (3). By employing the fitting function, the primary Fig. 6 Cumulative frequencies of primary soot particle diameter obtained from SEM images and obtained from LII signal decay ratio with the fitting function (Eq. (3)). soot particle diameter distributions obtained by TiRe-LII are consistent with that obtained by SEM images. Since some LII signals of smaller particles obtained by the 1 st camera are significantly decayed during the delay period between the 1 st camera and 2 nd camera (450 ns), such LII signals cannot be captured by the 2 nd camera. Absence of the cumulative curves obtained by the TiRe-LII (the orange dashed curves) for smaller diameter region in the figure indicates such signals. Figure 7 shows the instantaneous two dimensional distributions of the soot volume fraction and the primary soot particle diameter. From comparisons of two different instants for each h, it is found that the shapes and positions of soot regions are different between the two instants. This fact indicates the inhomogeneity of this combustion field. The inhomogeneity is considered to be caused by the turbulence and the fluctuation of the coal particle supplying rate. In the lower height above burner (Fig. 7 (a) ), the regions where the soot can be observed are isolated and the primary soot particle diameter Fig. 8 Ensemble-averaged two dimensional distributions of soot volume fraction and primary soot particle diameter. The height indicates the soot volume fraction and the color indicates the primary soot particle diameter. Fig. 7 Instantaneous two dimensional distributions of soot volume fraction and primary soot particle diameter for two different instants. The height indicates the soot volume fraction and the color indicates the primary soot particle diameter.
is smaller than that in the higher h. As h increases (Fig. 7 (b) and (c)), the area of regions where the soot can be observed increases and the primary soot particle diameter also increases. The soot regions tend to unite and large united soot regions can be observed. However, the isolated small soot regions are still observed in the higher h (Fig. 7 (c) ). This fact indicates that the soot formation characteristics in the coal combustion field is significantly different from the spray combustion field. The soot formation characteristics in the spray combustion field have been reported by some researchers (e.g., Oh and Shin (2006) , Hayashi et al. (2011) ). The large soot regions are formed in their spray flame, i.e., a number of isolated soot regions were not observed in their flame. Figure 8 shows the ensemble-averaged two dimensional distributions of the soot volume fraction and the primary soot particle diameter. It is observed that on the whole, the primary soot particle diameter increases with increasing h. The soot region expands to both inner side and outer side with increasing h. However, the radial position of the peak value of soot volume fraction does not change significantly with increasing h. Figure 9 shows the ensemble-averaged primary soot particle diameter distribution for radial direction obtained by TiRe-LII employing Eq. (3). The ensemble-averaged values were obtained from 500 TiRe-LII measurements. It is found that the peak value of soot volume fraction appears at the region with the radial distance of 4 -5 mm from the burner center axis. In any radial distance, the soot particle diameter increases with increasing h. This trend indicates the growth of primary soot particle as the particles move to the downstream region. In addition to that, the distribution of soot volume fraction becomes wider with increasing h. Because the temperature around the central axis of the burner is lower than that in the region with radial position of 4 -5 mm (Hashimoto et al., 2012b) , the combustion reaction is not active around the center axis of the burner. Consequently, the soot volume fraction is low around the center axis of the burner. It is also found that the primary soot particle distribution does not change significantly for the radial direction in each h, although the soot volume fraction vary significantly for the radial direction. Figure 10 shows the cumulative curves of soot particle diameter for radial direction obtained by TiRe-LII. The soot particle diameter distribution shifts to larger side with increasing h, as also indicated in Fig. 9 . It is found from Fig. 10 that the volumetric ratio of small particles is decreased with increasing radial distance at h = 35 mm. However, the variation of the primary soot particle diameter distribution along the radial direction is decreased with increasing h. This is caused by the mixing effect of the turbulence, i.e., the soot particles tend to disperse in the downstream region. Therefore, the variation of the primary soot particle diameter distribution becomes smaller in the downstream region because of the turbulent mixing effect.
Conclusions
In this study, the time-resolved laser induced incandescence (TiRe-LII) and the thermophoretic sampling (TS) methods were applied to the 4 kW coal jet burner to investigate the primary soot particle size distributions in a coal combustion field. The relative function between the signal decay ratio obtained by TiRe-LII and the primary soot particle diameter was defined based on the particle diameter distributions obtained from the SEM images of particles collected by TS. Employing the relative function, the spatial distributions of the primary soot particle diameter distributions were obtained.
The results show that the small isolated soot regions instantaneously exist in the entire combustion field. This characteristics is different from spray combustion field. From the ensemble-averaged TiRe-LII images, it was found that the maximum soot volume fraction is observed at the region with radial distance of 4 -5 mm from the burner center axis. On the other hand the soot volume fraction around the burner center axis is low because of the low temperature. In any radial distance, the soot volume fraction and the primary soot particle diameter increases with increasing the height above the burner. It was also found that the volumetric ratio of small particles is decreased with increasing radial distance at the region close to the burner exit. However, the variation of the soot particle diameter distribution along the radial direction becomes smaller in the downstream region. This tendency is caused by the turbulent mixing effect.
It is expected that the accurate soot formation model will be developed by using the data obtained in this study.
